Study design: Descriptive study. Objectives: The goal of this study was to determine the effects of spinal cord injury (SCI) on aspects of the focal adhesion kinase (FAK) signaling pathway 56 days post injury in rat gastrocnemius. Setting: This study was conducted in Bronx, NY, USA. Methods: Three-month-old male Wistar rats were exposed to either a sham surgery (n = 10) or complete T4 spinal cord transection (n = 10). Rats were killed 56 days following surgery and the muscle was collected. Following homogenization, proteins of the FAK pathway were analyzed by western immunoblotting or reverse transcription-qPCR. In addition, cellular markers for proteins that target the degradation of FAK were investigated. Results: SCI resulted in significantly lower levels of total and phosphorylated FAK, cSrc and p70S6k, and a trend for increased FRNK protein expression. SCI did not change levels of the α7 or β1 integrin subunits, total or phosphorylated ERK1/2, phosphorylated Akt and TSC2 or total p70S6k. SCI resulted in a greater expression of total Akt. mRNA expression of FAK and the α7 or β1 integrins remained unchanged between sham and SCI groups. Caspase-3/7 activity and Trim72 mRNA and protein expression remained unchanged following SCI. Conclusion: SCI results in diminished FAK signaling and is independent of ERK1/2 and Akt. SCI has no effect on mRNA levels for genes encoding components of the focal adhesion 56 days after injury.
INTRODUCTION
Skeletal muscle is a very adaptable tissue that accounts for a large proportion of organismal mass and has key roles in metabolic homeostasis. The contractile properties of skeletal muscle create postural stability and allow for fine and gross motor movement. Skeletal muscle responds to different types of physical activity, such as aerobic exercise or resistance training, by increases in mass and capacity for oxidative phosphorylation, and hence, exercise is important for improving and maintaining skeletal muscle health. 1, 2 Conversely, the inability to perform physical activity, either acutely such as with a broken bone, or chronically, such as with spinal cord injury (SCI), initiates changes that result in poor muscle and bone health. 3 There are multiple pathways through which paralysis and reduced physical activity can activate a common downstream pathway for protein catabolism and an increase in transcription of muscle-restricted E3 ubiquitin ligases such as muscle-specific ring finger protein 1 (MuRF1) and muscle atrophy F-box (MAFBx). 4 Investigating which pro-survival signaling pathways are altered in diseased or immobilized muscle may reveal approaches that can be employed to create therapies to slow or prevent atrophy. The signaling cascade of the α7β1 integrin is an interesting target in that, as a component of the skeletal muscle costamere, it is a direct sensor of muscle fiber tension 5 and can initiate pro-survival signaling. 6 Integrins have no inherent kinase activity and rely on activating focal adhesion kinase (FAK), a non-receptor tyrosine kinase. It has been well established that the state of activation of FAK responds to both severe loading and unloading [7] [8] [9] [10] [11] as well as traditional exercise. 12, 13 FAK may signal through multiple downstream pathways in its role in cellular homeostasis. FAK interacts with cSrc, a 60-kDa protein that is necessary for full FAK activation, 14 and with extracellular signalrelated kinase 1/2 (ERK 1/2). 15 FAK can also interact with components of the phosphatidylinositol-3,4 kinase (PI3K)/Akt pathway that suppresses muscle atrophy gene expression programs and stimulate muscle hypertrophy through activation of mTOR and its downstream target p70S6k. 16 The role of the α7β1 integrin pathway has only recently been examined in muscle following SCI. Yarar-Fisher et al. 17 provided interesting evidence that muscle fibers can respond to neuromuscular electrical stimulation resistance training through the α7β1 integrin pathway in individuals with motor-complete SCI who were studied at an average of 22 years post SCI. We set out to describe the changes in signaling by the α7β1 integrin FAK pathway subacutely after SCI, and in a more comprehensive manner, by examining signaling through this pathway in a rat model of SCI caused by a complete spinal cord transection at the fourth thoracic vertebra. Our data suggest that SCI leads to decreases in FAK protein expression and phosphorylation and this is associated with decreases in markers in mTOR/p70S6k signaling independent of ERK 1/2 and Akt.
MATERIALS AND METHODS Animals
Twenty male Wistar rats were used during this study, each weighing~250 g. These animals were also used in a larger study. 18 Animals were housed in a facility that was temperature and humidity controlled and had 12 h day:night cycle. Animals were given access to water and chow ad libitum. All studies with live animals were reviewed and approved by the Institutional Animal Care and Use Committee at the James J. Peters VA Medical Center. Procedures for spinal cord transection and post-operative care have been described in detail in previous publications. 19 These methods are briefly described below.
Spinal cord injury
Twenty rats (n = 10 per group) underwent a complete transection at the interspace between T3 and T4 (SCI) or sham injury (Sham) in which the spinous process was removed. Post-operative care included administration of antibiotics (Baytril) and analgesics (carprofen) for 3 days post surgery and then as needed. At day 56, the gastrocnemius was excised after the rats were anesthetized via inhalation of 3-5% isofluorane. Animals were killed via aortic transection.
Protein quantification
The gastrocnemius was homogenized by an electric tissue homogenizer with a cocktail of cellular lysing buffer, phosphatase and protease inhibitors. The total protein concentration of lysates was determined with a micro-BCA assay (Pierce Scientific, Rockford, IL, USA). 
SDS-PAGE
Equal amounts of protein (60 μg) were mixed 1:1 with Laemlli sample buffer, boiled for 3 min, then loaded into poly-acrylamide gels. Gels were run at a constant 180 V in 1× running buffer for 60-90 min.
Western immunoblotting
Proteins were transferred onto a PVDF membrane by either a semi-dry or wet transfer. Equal protein transfer was confirmed by Ponceau-staining. The membranes were blocked for an hour using 5% milk and Tris-buffered saline with 0.05% Tween 20 (TBS-T) then rinsed with TBS-T and incubated overnight at 4°C with a primary antibody in a 1% milk TBS-T solution. All antibodies were purchased from Cell Signaling with the exceptions of Trim72, (Abcam, Cambridge, MA, USA) and C-terminal FAK (used to detect expression of FAK-related non-kinase; FRNK), the α7β1 subunits and GAPDH (SCBT, Houston, TX, USA). Primary antibody dilutions were 1:500 for phosphorylated and total cSrc and 1:1000 for the rest. Following washing in TBS-T, membranes were incubated with a horseradish peroxidase-conjugated secondary antibody in a 1% milk TBS-T solution (anti-rabbit or anti-mouse IgG; Cell Signaling, Danvers, MA, USA) at a 1:2000 dilution for an hour. After rinsing membranes in TBS-T, they were incubated with a horseradish peroxidase chemilumenescent reagent (Amersham, Piscataway, NJ, USA). Membranes were then imaged with a digital imaging system (Fluorchem HD2, ProteinSimple; San Jose, CA, USA or Amersham Imager 600, Amersham). Densitometry software (ImageQuant TL v8.1; Amersham) was used to quantify pixel brightness. Each sample was quantified three times and averaged. Samples were normalized to GAPDH.
Real-time qPCR
Total RNA was extracted from gastrocnemius muscle following homogenization in Tri-Reagent (Sigma-Aldrich, Saint Louis, MO, USA) and quantified by absorbance at 260 nm with a NanoDrop 1000 (ThermoScientific, Somerset, NJ, USA). All samples had RNA integrity numbers over eight after analysis using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY, USA) was used to reverse transcribe 1 μg of mRNA. Gene expression assays for the α7 (ITGA7) and β1 (ITGB1) integrins, FAK (PTK2), Trim72 (TRIM72) and 18 S ribosomal RNA were purchased from Applied Biosystems. Real-time PCR was performed using Roche FastStart Universal Probe Master Mix and a Viia 7 thermocycler (Applied Biosystems) according to the manufacturer's guidelines.
Relative expression values were calculated using the 2 -ΔΔCt method. 20 As the control for these calculations, 18 S ribosomal RNA was used; 18 S ribosomal expression was not different between groups.
Caspase-3/7 activity assay Caspase-3/7 activity of muscle homogenate was analyzed using a kit according to manufacturer's instructions (Apo-One Homogenous Caspase-3/7; Promega, Madison, WI, USA). Briefly, 40 μl of the muscle homogenate supernatant was mixed with the Caspase-3/7 buffer solution in a 1:1 ratio in duplicate in a 96-well white plate and incubated at room temperature for 120 min. The fluorescence intensities of the samples were determined using a BMG Labtech plate reader (Ortenberg, Germany) and analyzed with Mars Data Analysis software (Ortenberg, Germany). Values were normalized to a blank consisting of 40 μl of 1x lysing buffer mixed 1:1 with the Caspase-3/7 buffer solution.
Statistics
All statistics were carried out using R Software. 21 One-way multivariate analyses of variance were run for total proteins, phosphorylated proteins and gene expression with significance set at Po0.050. Significant one-way multivariate analyses of variance were followed-up with mean tests by an independent samples t-test and a Bonferroni correction. The corrected significance for the mean tests was set at Po0.005. Caspase-3/7 activity was tested with a two-tailed unpaired samples t-test. Data are presented as mean values ± s.e.m.
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research
RESULTS

Alterations in FAK signaling and expression
Following 56 days of hindlimb paralysis caused by SCI, levels of both total and phosphorylated FAK protein were significantly reduced compared with the Sham control group (Figures 1a and c; Po0.001) . Expression of total cSrc protein was unchanged following SCI (Figure 1b ; P40.050) but phosphorylation of cSrc at its Y416 activation site was reduced (Figure 1d ; Po0.005). Cleavage of FAK or alternative transcription of the FAK gene can result in expression of a 41-kDa peptide, 22 known as FRNK, that contains the C-terminal Figure 2 The α7β1 is the major integrin isoform in mature skeletal muscle. There was no change in protein levels for the (a) α or (b) β integrin in rat gastorcnemius muscle 56 days post SCI. Data are in arbitrary units and mean values ± s.e.m.
Decreased FAK signaling after SCI ZA Graham et al portion of FAK. FRNK has been shown to inhibit FAK signaling in muscle. 23 We saw a large but non-significant increase in FRNK protein expression in the SCI animals compared with the Sham controls ( Figure 1e ). The role of the α7β1 integrin as a mechanosensor and structural component of skeletal muscle upstream of FAK led us to investigate whether these two subunits might have altered protein expression 56 days post SCI. However, SCI was not associated with changes in the protein levels of the α7β1 integrin subunits (Figures 2a  and b ; P40.050). The reduction in FAK and cSrc phosphorylation was not associated with changes in total or phosphorylated ERK1/2 T202/Y204 (Figures 3a and b ; P40.050). TSC2, an inhibitor of mTOR activity of which is inhibited by phosphorylation by ERK1/2 as well as Akt and FAK, showed no change in phosphorylation after SCI (Figure 3c ; P40.050). Levels of total Akt protein, an important regulator of protein synthesis and glucose metabolism, were elevated after SCI (Figure 4a ; Po0.001) without any change in Akt phosphorylation at T308 (Figure 4c ; P40.050), resulting in a numerical change in the phosphorylated:total Akt ratio (data not shown; P40.050). p70S6k, an important kinase downstream of mTOR, did not have a significant change in total expression after SCI (Figure 4b ; P40.050) although SCI caused a large reduction in its activating phosphorylation at T389 (Figure 4d ; Po0.001).
Costameric gene expression
To gain insights into possible mechanisms for the above changes in protein levels, we examined effects of SCI on expression of selected mRNAs for FAK and for the upstream integrin subunits. In addition, we saw no changes in mRNA expression in the SCI group compared with the Sham control group for either integrin subunit (Figures 5a  and b ; P40.050). FAK mRNA levels were unchanged following 56 days of SCI (Figure 5c ; P40.050) suggesting that a posttranscriptional mechanism was involved in reduced levels of FAK after SCI.
Caspase-3/7 activity and Trim72
Caspase-mediated FAK cleavage has been implicated in other cell types as being a prominent effector of apoptosis 24 and has been found to cleave FAK and to participate in cleavage of myofibrillar proteins during muscle atrophy. 22 To investigate the possibility that caspases are activated in skeletal muscle at 56 days after SCI, activity of caspase 3 and 7 was measured in muscle homogenates using a fluorogenic substrate. The data show that caspase-3/7 activity was not different between the Sham or SCI groups (Figure 6a ; P40.050). Another alternative explanation for decreased FAK expression is accelerated turnover of FAK by the ubiquitin proteasome pathway. The E3 ubiquitin ligase Trim72 (also known as mitsugumin 53) ubiquitinates FAK and targets it for proteolytic destruction. 25 Trim72 mRNA and protein levels were, however, not changed at 56 days after SCI (Figure 6b ; P40.050).
DISCUSSION
The above findings support the conclusion that FAK protein levels and phosphorylation are reduced following SCI. This alteration was associated with a loss in p70S6K phosphorylation without alterations in phosphorylation of ERK1/2 or Akt. We also provide the first evidence that cSrc phosphorylation is altered in skeletal muscle by paralysis.
The lower levels of expression in FAK and p70S6k phosphorylation observed in rats after SCI are consistent with prior reports that FAK expression and phosphorylation are reduced following other forms of unloading in rats and humans 8, 10, 11, 13 associated with overall decreases in protein synthesis that are attributed to unloading. 10, 11 Our data contrasts with a recent report that in humans, phosphorylated FAK is approximately threefold higher in those with chronic SCI compared with able-bodied controls. 17 Why FAK would have increased phosphorylation during this state is an intriguing question. Differences between our study and the aforementioned one include species, age and duration of SCI. Their subjects averaged almost 50 years of age and had been injured for, on average, 22 years. The interactions of aging and signaling via the α7β1 integrin/FAK pathway have not been investigated.
Mechanisms by which absolute levels of FAK protein expression are reduced in muscle after SCI remain unclear. The fact that FAK mRNA levels were unchanged after SCI suggests that either increased protein breakdown or reduced synthesis of FAK was responsible. Although caspases have been shown to target and cleave FAK into inactive fragments, 22 we found no change in caspase-3/7 activity after SCI, consistent with data from Huey et al. 26 who saw a return to baseline levels in caspase-3 activity 28 days post SCI in four different muscle groups. Trim72, a muscle-specific E3 ligase that targets proteins near the membrane following oxidative stress, regulates FAK expression by ubiquitination and proteosomal degradation. 25 Our data excludes upregulation of this gene as a mechanism underlying the decreases in FAK expression at 56 days post SCI. The numerical though nonsignificant increase in the 41 kDa C-terminal portion of FAK following SCI suggests that full-length FAK is being cleaved into the inhibitory protein FRNK by an unknown mechanism, although there is a possibility that there is an increase of transcription and translation of FRNK through alternative splicing of FAK mRNA. The decreased levels of FAK protein observed in rat muscle after SCI may be a result of, or contribute to, changes in muscle phenotype. The role of the motor unit in developing and maintaining fiber type has been associated with levels of FAK, as cross-innervating the type 1 soleus with the type 2 dominant extensor digitorum longus results in a decrease in sarcolemmal localization of FAK in rats. 27 In addition, overexpression of FAK is associated with an increase in markers of an oxidative muscle phenotype. 9 There is a slow oxidative to fast glycolytic fiber type change following SCI, 19, 28, 29 and the loss of type 1 muscle fibers after SCI may be linked to or share common mechanisms with decreases in FAK expression and signaling. This agrees with previous data that shows cytomegalovirus-mediated FAK +FRNK overexpression into the rat soleus is associated with a decrease in type 1/2 muscle fiber hybrids and an increase in type 2 muscle fiber compared with overexpression with FAK alone. 23 cSrc is a downstream target of FAK, and the reduced phosphorylation of cSrc after SCI is consistent with the corresponding reduction in phospho-FAK levels. The reduction in levels and activation of two key signaling molecules following SCI suggests that integrin-mediated signaling following SCI is greatly impaired. The role of cSrc in skeletal muscle homeostasis has not been well studied. We have recently shown that total and phosphorylated cSrc Y416 were not altered 2 or 48 h post-eccentric treadmill exercise. 30 In cardiac myocytes, the FAK/cSrc relationship has been implicated as being an upstream mediator of ERK1/2 activity and hypertrophy following cardiomyocyte overload. 31 This relationship must be subject to additional regulatory controls, such as changes in levels of phosphatases, because 56 days following SCI reductions in FAK and cSrc phosphorylation were not associated with altered phosphorylation of ERK1/2, even though it is necessary for growth, maintenance and regulation of muscle myotubes 32 and can be directly related to sarcolemmal tension. 33 Our findings do agree with evidence that ERK1/2 phosphorylation is unchanged following long-term SCI when compared with able-bodied controls. 34 It has been long established that FAK activity can be regulated by FRNK by competing for common substrate-binding sites. 35, 36 FAK can activate PI3K, 16 thereby upregulating, signaling pathways downstream of PI3K to stimulate muscle hypertrophy, namely the PI3K substrate Akt. However, the decrease in FAK phosphorylation observed at 56 days after SCI and increase in FRNK expression were not associated with diminished Akt phosphorylation, perhaps reflecting additional influences on Akt phosphorylation such as receptor tyrosine kinases, growth factor receptors, or altered levels of protein phosphatase activity. Total Akt protein levels were increased, which is consistent with previous reports following SCI 37 although the mechanisms for this change are unclear. FAK phosphorylates TSC2 in a region between residues 600 and 1080, and thereby inhibits TSC2 to activate protein synthesis. 38 In our study, the decreases in FAK phosphorylation did not have an apparent effect on TSC2 phosphorylation. Additional studies to elucidate the actual phosphorylation site and binding mechanisms of TSC2 by FAK would clarify the nature of its TSC2 regulation.
The lack of change in α7β1 integrin protein levels and mRNA expression suggests that the focal adhesion complex itself is relatively stable 2 months post SCI. Our analysis only looked at the total protein and mRNA expression levels of the α7 and β1 integrin subunits. Our findings are, however, consistent with other reports in the literature. Unloading by hindlimb suspension for 3 days does not seem to alter total β1 integrin expression in rats. 39 In humans, β1 protein expression increases 10 days after unloading then returns to baseline after 34 days. 13 There are several splice variants for the alpha7 and β1 integrins, the expression of which has been reported to shift from the mature integrin isoforms (α7X2 and β1D integrin, respectively) to the undifferentiated isoforms (α7X1 and β1A integrin, respectively) during tissue repair after skeletal muscle injury. 40 How paralysis-induced unloading alters the expression of these isoforms is currently unknown.
Chronic SCI has been associated with reduced activation of mTOR in humans. 41 Our data suggests that decreased total and phosphorylated expression of FAK may have key roles in this adverse change in mTOR activation. Moreover, our findings suggest that decreased FAK and mTOR activation subacutely after SCI are independent of PI3K/Akt and ERK1/2 signaling. Thus, loading the cytoskeleton of skeletal muscle as soon as possible following SCI may be a way to prevent muscle atrophy through activation of the integrin/FAK pathway. 
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